In this study, we examine the channel-fed 'a'ā lava flow system that was emplaced during a very short (less than 15 h long) eruption at Piton de la Fournaise (La Réunion) in December 2010. The system had four branches, the longest of which was 1100 m long. Three branches were emplaced over a smooth-surfaced pāhoehoe flow field with a vertical relief of 1-2 m and did not undergo burial by subsequent events. The fourth branch erupted from the same vent as the 1957 eruption and re-used the pre-existing channels of that eruption. In the proximal-medial sections of the three systems that were unconfined, we identified channelized flow sections that were characterized by the presence of either a single channel or multiple braided channels. These fed short (30-260 m long) zones of dispersed flow in the distal sections. We subsequently investigated the role of lava rheology (as controlled by downflow variations in crystal and bubble content) and pre-existing topography in triggering the transitions between single-channel and braided channel flow sections. Crystal content was 10 to 70 vol% and vesicle content was 18 to 55 vol%; cooling rates over distance (derived from glass chemistry) were 11°C/km to 27°C/km. However, downflow textural and thermal evolution appeared to neither affect, nor be affected by, whether the channel was single or braided. Instead, the channel network architecture could be related to even modest underlying slope variations. Here, a slope increase resulted in channel confluence, and a slope decrease resulted in channel bifurcation. This process was reversible, in that downflow slope variation could drive the channel network architecture to switch back and forth between a single channel and multiple braided channels several times along its length. Dispersed flow is always present immediately behind the flow front, irrespective of underlying topography. Three previous studies of basaltic lava flows found that steeper slopes favored braided channels, the opposite of what was observed here. We suggest that the underlying substrate and lava type may exert a control on this behavior, but further studies remain necessary.
Introduction
The architecture of a channel-fed lava flow system was classically described by Lipman and Banks (1987) . At the flowsystem scale, Lipman and Banks (1987) recognized four zones down a channel-fed lava flow: (i) a stable channel zone; (ii) a transitional channel zone, bounded by incipient rubble levées; (iii) a dispersed flow zone; and (iv) the flow front. This flow architecture has been recognized at several volcanic systems on Earth, ranging in composition from basaltic (Kilburn and Guest 1993) to silicic (Harris et al. 2004) , as well as on other terrestrial planets such as Mars (Garry et al. 2007 ). We define the channel as a zone of flowing lava contained between static levées (e.g., Sparks et al. 1976; Lipman and Banks 1987; Kilburn and Guest 1993) , which typically begins to form quite close behind the dispersed flow zone (Rhéty et Editorial responsibility: H. Dietterich; Deputy Executive Editor: J. Tadeucci Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00445-018-1246-9) contains supplementary material, which is available to authorized users. al. 2017) . Following the definition of Lipman and Banks (1987) , the dispersed flow zone is an unstructured zone where there are no levées present, and the flow core is covered in breccia all the way to the flow front. Rubble levées are laid down by the initial flow front passage (Sparks et al. 1976 ) and may later become overprinted with overflow levées (e.g., Lipman and Banks 1987; Naranjo et al. 1992; Bailey et al. 2006) . Overflow levées are emplaced during periods of increased effusion rate, when flux exceeds channel capacity, causing the channel to overflow for a short period of time (Bailey et al. 2006) . During waning flow, levées become accreted to the inner walls of the channel (Naranjo et al. 1992) , and nested levées may form (Lipman and Banks 1987) .
Pre-existing topography has been shown to affect the form of the channel network (single channel versus braided channel) down such lava flow systems. Dietterich and Cashman (2014) studied the effect of slope on channel networks at Mauna Loa, finding that steeper slopes corresponded to higher braiding indices. Here, following Dietterich and Cashman (2014) , we assess the effect of slope on the spatial variation of channel network architecture by comparing ground slope changes and observed channel network structure. Additionally, we examine the potential interactions of textural parameters with the flow structure by quantifying downflow cooling, crystallinity, and porosity and analyzing them in the context of the observed flow system architecture. We focus on the channelized flow system emplaced by the December 2010 eruption of Piton de la Fournaise (La Réunion, France). This system was emplaced during an extremely short-lived eruption, resulting in the simplest possible flow field, which minimized the number of emplacement variables to be considered. We find that the relation between slope and flow system architecture previously found in other systems (Krauskopf 1948; Dietterich and Cashman 2014) , and at the same volcano (Rhéty et al. 2017) , cannot be applied globally.
Piton de la Fournaise: the December 2010 eruption and lava flow field
Piton de la Fournaise is located on the Island of La Réunion, in the Indian Ocean. The most common present-day eruptive activity at Piton de la Fournaise consists of short-duration eruptions, lasting between one day and a few months (Bachèlery et al. 2016) . These eruptions generally occur within the Enclos Fouqué (Fig. 1) , i.e., the most recent caldera of the volcano (Villeneuve and Bachèlery 2006) . Activity is typically effusive, and erupted volumes are generally low, with dense rock equivalent volumes of less than 10 7 m 3 per eruption (Roult et al. 2012; Bachèlery et al. 2016 ). Mean output rates (MOR) are generally 1-10 m 3 /s with peak time-averaged discharge rates (TADR) of up to 60 m 3 /s (Coppola et al. 2017 ). We define MOR as the total erupted volume divided by the total duration of the eruption, TADR as the volume erupted during a known time window within the eruptive period, and effusion rate as an instantaneous flux . Most effusive events at Piton de la Fournaise are characterized by TADR that decay rapidly with time and are coupled with syn-eruptive deflation of the summit (Coppola et al. 2017) . This means that, during an eruption, TADRs and effusion rates begin at a level higher than the MOR and then decay, in an exponential fashion, through it (Harris et al. 2000 . As argued by Coppola et al. (2017) , this pattern is consistent with rapid withdrawal of magma from a pressurized source (Wadge 1981) .
The December 2010 eruption was a typical Piton de la Fournaise short-duration, low-volume, effusive eruption occurring within the Enclos Fouqué (Fig. 1) . Enhanced seismicity was first reported between 07:48 and 08:01 (hh:mm, all times are local, UTC+4) on December 9 (Di Muro 2010a), and a second phase of enhanced seismicity was recorded between 08:35 and 09:53 on the same day (Di Muro 2010b) . Both events were associated with summit inflation and a threefold increase in SO 2 emission (Di Muro 2010c) . A third phase of enhanced seismicity and summit inflation began at 19:08 (Di Muro 2010d). The eruption began at the end of this seismic crisis around 22:40 from a location on the NNW flank of the volcano (Di Muro 2010e). Lava flows were reported as descending the north-west flank of Piton de La Fournaise at 06:45 on the following morning (Di Muro 2010f), but the eruption was declared over at 14:50, with no seismic activity having been recorded since 13:30 (Di Muro 2010g). The eruption thus lasted less than 15 h.
We chose this channel system as the focus of our study for four main reasons. First, the flow field is easily accessible and its areal extent is limited, allowing high spatial-resolution mapping and sampling. Second, the flow morphological features (main and secondary channels, multiple generations of levées, overflows, lava morphologies) are fresh and well-exposed, facilitating their identification. Third, because the eruption was of short duration, few channel sections were buried by later flow. Fourth, and most importantly, the flow consists of four different branches fed by the same magma over a short period of time, allowing us to focus solely on the effects of pre-existing topography and downflow cooling and crystallization on channel system architecture. Google Earth-based mapping by Rhéty (2014) identified four en-échelon fissure segments associated with the December 2010 eruption. These were orientated SSE-NNW and extended over a distance of 225 m from an elevation of 2515 m a.s.l. down to 2450 m a.s.l. The fissure segments fed four channelized 'a'ā flows, named south, west, north-west, and north, which extended to a distance of up to 1.2 km from the eruptive fissure (Rhéty 2014) . The total flow area was previously estimated as being 0.269 km 2 which, given a typical flow thickness of 2 m, gives a flow field volume of 0.54 × 10 6 m 3 for a MOR of 9.8 m This preliminary map was later refined on the basis of two digital elevation models (DEMs) of the study area. The first, preeruptive, DEM was produced in 2010 by the Institut Géographique National (IGN) from an airborne Light Detection and Ranging (LIDAR) dataset. That DEM was used to extract pre-existing terrain slope downflow. The second, post-eruptive DEM was produced in 2018 photogrammetrically using 209 images acquired with a Canon 5DSR camera (51 MegaPixel resolution) with a 50-mm lens mounted on a ultralight aircraft. From this photogrammetric DEM, cross-flow profiles were extracted every 10 m along the middle of each flow branch, allowing us to determine flow and channel width (Supplementary Material Table 1 ). The photogrammetric DEM was constructed in Agisoft Photoscan Pro. The two DEMs were downsampled to a horizontal resolution of 1 m and co-aligned using an affine transformation to minimize differences in spatial orientation (RMS error of 0.45 m for areas excluding the lava flow). The difference between the post-eruptive and pre-eruptive DEMs, calculated using ArcGIS, allowed us to precisely determine the flow thickness and volume.
Mapping was supported by analysis of thermal (7.5-13 μm) images collected during the morning of December 10 using a hand-held thermal camera (Fig. 2) . During a site visit by the personnel of the Observatoire de Physique du Globe (Di Muro 2010g), 38 thermal images were acquired from Pas de Bellecombe, a location on the caldera rim 2.5 km west of the eruptive fissure, between 05:25 and 06:00. Images were collected with a hand-held FLIR Systems ThermaCam PM695 operating in the low gain (-40-120°C) range. Image size was 320 × 240 pixels with 1.3 mrad pixels, which over a distance of 2.5 km gives a pixel size of 3.25 m. Images were oblique, but provided an overview of the flow field allowing dimensions and relative surface temperatures of each flow to be analyzed.
Field-based measurements and sampling
Channel dimension measurements and sampling were conducted during three field visits in 2013, 2014, and 2016. All measurements and sampling sites were GPS-located. For each flow, the master channel was followed and the depth and width of the channel was measured with tape measure and compass-clinometer, as were the height and width of the levées. The depth of undrained lava in the channel was obtained by subtracting levée inner and outer height (see, for example, Fig. 11 of Favalli et al. (2018) for definition of the measured and derived channel/levée geometries). Where braided, the dimensions of each channel making up the total width of the channel system were measured, and the morphology of the channel lava and levée type (initial, nested, accretionary, or overflow) were noted. A total of 23 scaled morphological profiles were completed.
A total of 55 samples were collected (Fig. 3) . The west flow was sampled in detail, with one sample being collected every~30 m down channel between the vent and the flow front. The other three flows were sampled focusing on the vent (i.e., the source), the flow front, and around slope breaks, resulting in the collection of six-to-nine samples per flow. Samples were collected in situ and consisted mostly of core extrusions and accretionary levées where glass was visible (Table 1) .
Estimation of volume fluxes
Flow areas and volumes were estimated from the flow map. The MOR was obtained by dividing the flow volume by the eruption duration, and effusion rates in master channels were estimated using field-based measurements of the channel dimensions. To do this, first, we calculated mean flow velocity in the channel using Jeffreys' equation (Jeffreys 1925) with an estimated lava viscosity of 380 Pa s (Harris et al. 2015 ) and a bulk density of 1080 kg/m 3 . Multiplying the velocity by flow cross-sectional area (flow width × depth) provided an estimate of the peak effusion rate under bankfull conditions. 
Laboratory-based chemical analyses
The bulk major element composition of lava samples was measured by ICP-AES at the Laboratoire Magmas et Volcans (LMV, Clermont-Ferrand, France) . Thin sections were prepared from the upper-most part of the crust of each sample, which was air quenched, thus minimizing postemplacement crystallization. Analyses were carried out on a Cameca SX100 Electron Microprobe, with operating conditions of 15 kVacceleration voltage, 10 nA beam current, and a 10 μA beam diameter. We obtained around ten glass analyses and five mineral analyses per phase per sample. Glass analytical spots were chosen as far as possible from crystals (at least 20 μm) so that the glass composition would not be affected by crystal growth. The emplacement temperature of the flows was then estimated on the basis of three MgO-based liquid geothermometers: those of Heltz and Thornber (1987) , Putirka (2008) , and Rhéty et al. (2017) . Temperatures were also obtained from three geothermometers based on liquidmineral equilibrium: liquid-olivine (Putirka et al. 2007 ), liquid-pyroxene (Putirka et al. 1996) , and liquid-plagioclase (Putirka 2005 ). 
Laboratory-based textural analyses
The density of each collected sample was measured following the methodology proposed by Houghton and Wilson (1989) based on the Archimedes principle and the procedure described by Shea et al. (2010) , Robert et al. (2014) , and Rhéty et al. (2017) . The dense rock equivalent (DRE) density was measured in a helium pycnometer and calculated through the Boyle-Mariotte law and has a precision better than 2%. For each flow, one near-vent sample and one near-toe sample were investigated. The largest vesicle and crystal populations were imaged by scanning both the sectioned sample and the thin section taken from it with a desktop scanner. Digitization of the thin sections was completed both in natural and polarized light using polarized paper placed at different angles with respect to the sample (Pioli et al. 2014) . Subsequent higher magnification images were acquired using a scanning electron microscope (SEM). Following and Rhéty et al. (2017) , for each section we collected three images at 25× magnification and six images at 100×. Images were prepared in Adobe Photoshop®, where crystals, vesicles, and glass were each assigned a different gray tone. Phase volume fraction was measured through FOAMS (Shea et al. 2010 ), a MATLAB-based code that calculates the percentage of each gray tone and therefore of crystals, vesicles, and glass for multiple same-sample images acquired at different magnifications. This method allowed us to account for the crystal and vesicle size range found in each sample, down to a minimum crystal size of 12.5 μm. To compare the crystallinity of different samples, crystallinity values were normalized to the sample-specific dense fraction with the following equation:
where ϕ xtals is the corrected crystallinity, ϕ xtals measured is the non-corrected crystallinity, and ϕ bbl is the porosity obtained through density measurements.
Based on their size, three types of crystals were identified. Macrocrysts are olivines greater than 0.5 mm in diameter as described by Welsch et al. (2009) for the recent products of Piton de la Fournaise. Mesocrysts are crystals of olivine, clinopyroxene, and plagioclase, between 0.1 and 0.5 mm in diameter. Microcrysts are crystals of olivine, clinopyroxene, and plagioclase less than 0.1 mm in diameter. The total crystallinity values reported in this study only comprise the macrocrysts and the mesocrysts, corresponding to the crystals that formed in the magma reservoir (Welsch et al. 2009 ), but exclude microcrysts that instead formed in the shallow reservoir and the conduit (Di Muro et al. 2015) , as well as during flow emplacement and post-emplacement cooling (Rhéty et al. 2017) . All the raw data are available in the DYNVOLC Database (nd).
Results

Flow system dimensions
DEM-based mapping identifies a 0.213-km 2 flow field, subdivided between four flows, one of which (the northwest flow) comprises distinct upper and lower sections. The south flow volume is 0.023 km 2 , the west flow volume is 0.065 km 2 , the upper north-west volume is 0.016 km 2 , the lower north-west flow volume is 0.033 km 2 , and the north flow volume is 0.076 km 2 . This compares to an overall flow field areal extent of~0.25 km 2 calculated through Google Earth. The thickness of the flow field ( 
Flow system emplacement
The order of emplacement of the four channel-fed 'a'ā flow units can be derived from the thermal camera imagery (Fig. 2) . The long line of sight distance, pixel size and atmospheric Fig. 1 , so that by 05:25 on December 10, it appears that the flow field had reached its full extent. This is consistent with the OVPF eruption bulletin of 06:45 on December 10 that noted that the lava flows were active but with a Bweak flux( Di Muro 2010f). Thus, most of the lava was erupted between 22:40 on December 9 and around 05:40 on December 10, meaning that the TADR over the first 7 h was no more than 20 m 3 /s. Of the four flows, the west and north flows were the hottest with image temperatures of up to 85°C and 76°C, respectively. While the lower section of the north-west flow had image temperatures of up to 72°C, the upper section had a maximum image temperature of just 61°C. Likewise, the south flow was relatively cool at 64°C. This indicates that, while activity at the west, north, and lower north-west flows was waning at the time of imaging, activity at the upper northwest and south flows had already stopped some time before the image was acquired.
The south flow, 390 m long and oriented~N320°, was fed by the highest altitude section of the fissure (Fig. 3) . It mostly followed the pre-existing channels of the 1957 flow, so that the December 2010 levées became nested inside the 1957 levées. Near-vent, the channel was 3.2 m wide on a 18°slope, with late stage 'a'ā being 1.4 m below bank and the levées being 1.6 m high. Calculated velocity for initial, full-channel flow was 7.3 m/s, and velocity for late stage flow was 0.1 m/s. Using Jeffreys' equation (Jeffreys 1925) , this equates to effusion rates waning from an initial peak of~38 m 3 /s tõ 0.1 m 3 /s. The west flow was 970 m long and oriented~N300° (Fig.  3) . Its dimensions and emplacement characteristics have already been well described by Rhéty (2014) and Harris et al. (2015) , with calculated peak flow velocities of~4.4 m/s in a channel that was 1.4 m deep and 4.5 m wide, on a slope of 14°for a peak effusion rate of~28 m 3 /s. Late stage flow in the master channel was around 1 m below the banks, giving a velocity of~0.4 m/s and an effusion rate of~0.6 m 3 /s. The north flow erupted from the lowermost section of the fissure (Fig. 3) and had an orientation of~N350°. It followed the margin of the 2000 flow field and attained a final length of 1100 m, being the longest of the four flows erupted during the December 2010 event. Near-vent, the master channel had a width of 4 m. Proximal levée height was 1.5 m, and undrained flow depth was 1.6 m. On a 11°slope, this gives a peak flow velocity of~4.5 m/s, and a calculated peak effusion rate of2 9 m /s. The north-west flow is oriented~N330°and is actually a 830 m-long flow field that can be divided into two segments: upper and lower. The upper segment is a channel-fed 'a'ā flow that is cut by the west flow. The north-west flow has a channel width of around 2 m and depth of 1 m which, down a slope of 14°, gives an estimated velocity of~2.2 m/s and a calculated effusion rate of~5 m/s. We interpret the field evidence as the west flow having established a channel across the path of the upper north-west flow, which then ran into it. This may have contributed to failure down a 30 m length of the right levée of the west flow, which fed the lower segment of the north-west flow. In the lower north-west flow a broad (~6 m), shallow (1.5-1.75 m deep), channel developed on a 10°slope, with calculated effusion rates in the range 33-52 m 3 /s, about twice as high as for the upper segment. The lower north-west, west, and north flows have similar temperatures in the thermal image (Fig. 2) and therefore appear to have been concurrently active.
Peak effusion rate at the beginning of the eruption was obtained by summing the calculated effusion rates from all four active fissures. This would amount to an initial peak effusion rate of~132 m 3 /s just before 23:00 on December 9. This peak effusion rate must have decreased quickly, because by 05:40 on December 10, the TADR for the first 7 h of eruption was no more than 20 m 3 /s. This is also consistent with effusion rates during the final phase of effusion of 0.01-0.6 m 3 /s.
Flow system architecture
The December 2010 flow field was mainly emplaced over historical inflated pāhoehoe. Pāhoehoe lobe thickness was 0.5-2 m, and lobe width was about 3 m. The exception was the south flow, which was largely emplaced within the 1957 'a'ā channels (Fig. 3) . The north-west, west, and north flows all began as single-channel flows (Fig. 4) . As the underlying slope decreased, they transitioned to braided flows (Fig. 4) . Distally, they reverted to single channels as the slope increased again. Only close to the flow front is flow dispersed (Fig. 4) , as is commonly observed at channel-fed flow systems (e.g., Lipman and Banks 1987; Favalli et al. 2010; Rhéty et al. 2017) . In this respect, the zone of dispersed flow is a dynamic feature that moves forward as the channel system extends and is then frozen in place when the channelized portion of the system ceases to extend (cf. Rhéty et al. 2017; Favalli et al. 2010) . While a flow in extension that has had its supply cut will likely form a single unit (Walker 1972 ), a flow field that is fed for a longer period of time will likely take on a more complex, compound flow field form (Kilburn and Lopes 1988) .
The south flow is braided throughout its length, with 2-4 channels 3-6 m wide, until it rapidly transitions to dispersed flow 45 m before the flow front (Fig. 3) The west flow was erupted from the lower half of the fissure, at around 2390 m a.s.l. It initially ran down a 14 ± 2°s lope in a single, narrow (about 4 m wide) channel, before becoming braided after 130 m where the slope is 10 ± 3°. Proximally, the single channel was well defined between initial, rubble levées with near vertical inner walls that were veneered with accreted, fine-grained 'a'ā striated in the downflow direction. The channel floor is composed of 'a'ā clasts and slabs of spiney pahoehoe (Fig. 5c) . The braided flow has the form sketched in Fig. 4 , where the flow unit is bounded by outer initial rubble levées lying on the preexisting pāhoehoe, and the channels are separated by linear, narrow islands of initial rubble levées that run in and out of the single-channel sections. At 530 m from the vent, the slope steepens again to 11 ± 5°, and the flow reverts to the singlechanneled form and morphology. This more distal channel is about 6 m wide and is occasionally bounded by accreted wall slabs displaying downflow striations (Fig. 5c ). Up to three generations of deformation levées are recognized along the main channel. At 580 m from the vent, on a slope of 5 ± 2°, the distal channel is defined by incipient shear-defined levées (Fig. 4) . Dispersed flow extends about 260 m back from the flow front. The flow front overruns inflated pāhoehoe and tumuli that are 0.5-2 m tall, but lies on the pāhoehoe surface so that the contact can be observed. The flow front height measurement of 2 m is therefore reliable. The flow front is as sketched in Fig. 4 and comprises 'a'ā clasts and lava balls through which interior lava has extruded as spiny pāhoehoe.
The upper section of the north-west flow was emitted from the fissure just above the west flow vent at an altitude of 2440 m a.s.l. and initially flowed down a 14 ± 4°slope in a single channel (Fig. 5c) . The overall width of the flow unit (channel + levées) is about 10 m near the vent. At a distance of 390 m from the vent this channel is cut by the west flow. The lower section of the north-west flow is fed by a breach in the right bank levée of the west flow. Below this, the channel system is braided, where the slope decreases to 9 ± 2°. At this point, the flow unit is 65 m wide. Around 580 m from the vent, the slope increased to 10 ± 2°and the flow reverted to a singlechannel form. Where sample NW7 was collected, i.e.,7 00 m from the vent, there is a broad master channel surrounded by nested rubble levées (Fig. 5b) with spiny pāhoehoe accretions (Fig. 5d) . Incipient shear-defined levées are first observed~890 m from the vent, where sample NW5 was collected. At this location, a 15-cm-deep crack associated with shearing at the stream edge separates the levée accreted on the left bank from the main channel (Fig. 5a) . Finally, between~930 m from the vent and the flow front, where the slope is 9 ± 1°, the flow is dispersed for 30 m. The flow front is composed of fine-grained 'a'ā, with sparse pāhoehoe lava boats. The flow front is located in a zone of inflated The north flow began as a single channel, emitted from a vent at 2420 m a.s.l. on a 11 ± 4°slope. After 410 m, the slope slightly decreased to 10 ± 3°and the north flow became braided. The surface lava texture is 'a'ā throughout, with spiny pāhoehoe accreted internally on to the levée walls ( Fig. 5d ). At 720 m from the vent, the pre-existing slope steepened to 17 ± 5°, and the braided flow regrouped as a single 20-m-wide channel. At 970 m from the vent, the underlying slope decreased to 2 ± 2°and the flow became dispersed and widened to 85 m (Fig. 3) . The flow front is about 2 m high and 25°s teep. As the flow front lies over a visible pre-existing pāhoehoe surface, 2 m is the actual flow thickness.
Flow geochemistry and glass geothermometry
The 2010 lava is a tholeiitic basalt (Table 2) . Its major element composition is typical of present-day activity of Piton de la To estimate emplacement temperatures and cooling rates down channel, we applied a selection of geothermometers to microprobe analyses of residual glass and minerals of the collected samples (Supplementary Tables 2, 3 (Fig. 7) . Liquid-olivine (Putirka et al. 2007 ), liquid-pyroxene (Putirka et al. 1996) , and liquid-plagioclase (Putirka 2005) geothermometers, based on mineral-liquid equilibrium, are mostly mutually consistent, indicating temperatures of 1127 ± 60°C for liquid-olivine to 1158 ± 60°C for liquid-pyroxene (Fig. 7) . The average cooling rate inferred from the comparison of all geothermometers used is 13°C/km, with individual geothermometers giving values between~11 and~27°C/km. Data points from different flow branches all lie on the same cooling trend. The eruptive temperature ranges, as inferred from considering samples collected less than 100 m from the vent, are between 1120 and 1160°C, depending on the considered geothermometer. Because the Rhéty et al. (2017) geothermometer was calibrated specifically on Piton de la Fournaise lavas, we favor a likely eruptive temperature of 1145 ± 10°C.
Textural analyses
Macrocryst and mesocryst contents (Table 3 ; Fig. 8 ) are higher at the vent (50-70 vol%) than at the toe (~40 vol%) for the north and north-west flows, as has been observed for other lava flow systems at Piton de la Fournaise (Peltier et al. 2009 , Rhéty et al. 2017 . Conversely, the south flow displays a low crystallinity at the vent (~10 vol%), which increases dramatically at the flow front (~70 vol%). The west flow also displays a (more modest) crystallinity increase from 45 vol% at the vent to 55 vol% at 132 m from the vent. Density-derived porosity (Table 3) decreases from 55 to 18 vol% from vent to toe, at a steady rate of increase of~3 vol% per 100 m. Data from all four flow branches plot along the same trend, regardless of whether the local flow system architecture consists of a single channel, braided channels, or dispersed flow (Fig. 9) . Thus, there appears to be no direct textural (and hence rheological) control on channel architecture.
Discussion
At the onset of the eruption, all vents along the fissure were probably active simultaneously. The south vent, at the highest elevation on the fissure, had the highest calculated peak effusion rate of 38 m 3 /s. The west, upper north-west, and north flows had calculated peak effusion rates of 28, 5, and 29 m 3 /s which sum to a total initial effusion rate from the fissure as a whole of around 96 m 3 /s. However, activity was short-lived, with the entire flow field system being constructed in just 7 h. During this time, all four main flow fields (and hence channel systems) were active simultaneously, although the south and north-west vents shut down some time before the west and north vents. However, the four channel systems were fed at waning rates, where effusion rates are estimated to have been as low as~0.01 m 3 /s late in the eruption, so that the TADR for these first 7 h was as high as 20 m 3 /s. The short duration of supply and its rapidly waning character is reflected in the simplicity of the channel and levée systems and their morphology, as well as the short length of the flow units. Outer levées are of the simple, rubble type. They have not been modified by increases in lava supply, which would have built overflow levées and led to compound forms. Instead, a single, short opening phase emplaced a single, simple set of levées that defined the channel down which all following lava flowed (Fig. 5c) . Fluxes then steadily diminished, as we see no level markers consistent with the flow resting at a certain level for a period of time, but rather an even accretion of a single lava layer to the levée inner walls. Likewise, channel widths steadily decreased by accretion of nested levées whose stagnation and separation from downflowing lava was marked by shear lines (Fig. 4) . There was, however, downflow variation in the architecture of the channel network. The structure of the channel network thus varied with distance, rather than time, and that variation appears to be linked to the interaction of the lava with the underlying slope.
Slope and flow system architecture
We extracted underlying terrain slope from the preeruptive DEM every 1 m and then averaged it every 10 m and every 25 m to better highlight slope trends at different spatial scales (Fig. 10) . Averaging pre-existing terrain slope within flow sectors characterized by different channel network architecture as observed in the field, overall slope differences became evident (Fig. 10) . The architecture of each flow branch evolves as lava flows over different underlying slopes, alternating between a single channel on steeper slopes and braided channels on shallower slopes. This proves that changes in the architecture of the flow are reversible and that the flow can indeed switch back and forth between single and braided channel configurations multiple times during its emplacement. We developed a regime diagram (Fig. 11 ) that assesses the transition between single and braided channel flow independently of absolute slope values, but rather as a function of slope change with respect to the upflow section. This regime diagram shows that, for this flow field, the transition from braided to single channel always corresponds to a slope increase, whereas the transition from single to braided channel always corresponds to a slope decrease. Just behind the flow front, flow is always dispersed, with a single or braided channel network developing behind it depending on slope. We conclude that the key parameter controlling whether a channel system is merging or branching is the underlying slope variation.
The south flow appears to violate this rule. The entire south flow pathway is much steeper than that of the three other flows. Our observations suggest that a steeper slope favors a single channel configuration. Instead, the south flow begins as a braided flow and remains such throughout its length, until it becomes dispersed close to the flow front, on a 20°slope (Fig. 10) . This can be explained by considering the pre-existing topography underlying the December 2010 flow field (Fig. 3) . Whereas the north, north-west, and west flows were emplaced over ancient pāhoehoe flow fields, the south flow was emplaced within the 1957 channel-fed 'a'ā flow field and re-used its braided channel network. Channel re-utilization exerts a first-order control on flow system architecture. In a case where the pre-existing system has internal relief that is of the same scale (or greater) than the new system, the new channel system will develop within the pre-existing channel system and will thus inherit the channel network of the preexisting system irrespective of underlying slope. The other three flows studied here were all emplaced over the same ancient pāhoehoe flow field, which had a vertical scale of relief that was less than the new flow thickness (about 2 m). In these cases-channel-fed 'a'ā flows emplaced on a smooth surface-slope breaks exert the main control on determining whether the channel system is braided or not, as summarized by our regime diagram (Fig. 11) .
Comparison with previous studies
The transition from a single flow channel to multiple braided channels can originate from a variety of phenomena, including topographic confinement (Dietterich and Cashman 2014) , (Putirka et al. 2007 ), liquidpyroxene equilibrium (Putirka et al. 1996) , and liquid-plagioclase equilibrium (Putirka 2005) flow front interaction with topographic obstacles (Dietterich et al. 2015) , levée breakouts and overflows, and possibly flow front fingering (Huppert 1982) . Hereafter, we consider the case of a flow that is not topographically confined, but interacts with an obstacle. If the amplitude of the underlying topographic roughness is comparable to that of the flow front, it acts as an obstacle, causing the flow to braid. Obstacles decrease flow momentum by exerting a drag on it. At low effusion rate, and consequently low velocity and low momentum, the flow front will be more affected by the momentum decrease imposed by the obstacle and will braid in response. Conversely, a high-effusion, high-velocity flow may have the kinetic energy necessary to overcome the obstacle unaffected (Soule et al. 2004 ). Lava flows characterized by low effusion rates should therefore be more prone to braiding compared to high effusion rate flows on any given slope. However, when encountering a slope decrease, lava will momentarily slow down, leading to a lava backup. Such lava accumulation will result in an increase in the flow front amplitude, which will allow the previously braided flow to converge into a single-channel flow. This scenario is supported by the experimental study of Dietterich et al. (2015) , which shows that flows become thicker in proximity of an obstacle, producing a bow wave that can overcome the obstruction prompting its formation. Furthermore, faster flows produce higher bow waves (Dietterich et al. 2015) . Since flow speed is directly proportional to slope (for any given effusion rate), lava flowing down a steeper slope will thicken more when interacting with a topographic obstacle, and as a result, it will be more likely to overcome it, continuing to flow in a single channel (Dietterich et al. 2015) . This directly applies to the studied flow field, whose underlying slopes are very steep, resulting in high calculated flow velocities, of up to~8.5 m/ s. This may explain the architectural difference between thin near-vent pāhoehoe sheet flows, that will likely flow into an increasingly small number of channels, and thick 'a'ā flows that will likely begin as a well-defined channel and later braid on shallower slopes where flow stalls and spreads so as, in the ultimate case, to form perched ponds (Parfitt et al. 1993 ).
Our observation of steeper slopes favoring channel confluence and gentler slopes favoring channel divergence contrasts with the observations of Dietterich and Cashman (2014) at Mauna Loa, Rhéty et al. (2017) at Piton de la Fournaise, and Krauskopf (1948) at Paricutín. Effusion rate does not appear to explain the differences between our results and previous studies. The Mauna Loa flows analyzed by Dietterich and Cashman (2014) were fed at a rate > 100 m 3 /s, and we calculate that the Piton de la Fournaise flows considered in this study had an initial peak effusion rate of~120 m 3 /s, although they must have rapidly waned to much lower rates of < 20 m 3 /s. Rhéty et al. (2017) report that the 2007 lava contained 43-60 vol% of olivine macrocrysts (3-4 mm in diameter), whose content (indicative of effusion rate), varies throughout the system, increasing downflow (as the first lava emplaced has the highest transport capacity, and hence the highest macrocryst bedload). This suggests an initially high effusion rate, responsible for emplacing the distal macrocrystrich lava, and therefore, the effusion history of this flow closely resembles the 2010 eruption. Therefore, the discrepancy between the flow system architecture observed at Mauna Loa and Piton de la Fournaise in 2007, and that observed in this study at Piton de La Fournaise in 2010, cannot be explained solely in terms of differences in effusion rate, suggesting that a While the study of Dietterich and Cashman (2014) and ours both focused on 'a'ā flows, that of Rhéty et al. (2017) examined a pāhoehoe sheet flow that became organized into channels that then turned into 'a'ā. The crystallinity of Mauna Loa lavas is generally quite low, with a phenocryst content of less than 0.5 vol% and a variable microphenocryst content of up to 30 vol% (Lipman and Banks 1987) , whereas Piton de la Fournaise lavas crystallize microlites in the shallow reservoir and during ascent in the conduit, leading to a high total crystallinity of up to 70 vol%. Importantly, the study of Rhéty et al. (2017) focuses on oceanites, whose olivine crystal size vastly exceeds the crystal size range considered in our study. Analogue studies such as Del Gaudio et al. (2013) show that crystal size critically affects the rheological behavior of lava. Porosity values appear consistent across the two Mauna Loa and Piton de la Fournaise volcanic systems, although at Piton de la Fournaise porosity decreases more rapidly with increasing distance from the vent. Downflow variations in crystallinity and porosity are not expected to affect the applicability of our results, as we showed that their variation has apparently no effect on flow system structure for the 2010 eruption of Piton de la Fournaise (Fig. 8) .
Effect of textural parameters
Most previous studies on the surface morphology and the texture of basaltic lava flows focused on cooling-limited Hawaiian lava flows (Lipman and Banks 1987; Moore 1987; Cashman et al. 1999; Riker et al. 2009; Robert et al. 2014) . The thermal history of such flows is determined by the rate of heat loss from the surface through both radiation and convection and from the base through conduction (Keszthelyi and Denlinger 1996) , as well as by the entrainment of colder material (Crisp and Baloga 1994) , all of which is modulated by the release of latent heat of crystallization Keszthelyi and Denlinger, 1996) . Cashman et al. (1999) noted that once the thermal profile of the flow becomes stratified, the surface morphology transitions from pāhoehoe to 'a'ā, starting at the channel edges and moving inward. The variation of rheological parameters, in particular the onset and development of yield strength associated with flow crystallization, also contributes to the morphological transition incurred by lava flows (Peterson and Tilling 1989; Sehlke et al. 2014) . These factors all contribute to controlling flow regime and morphology (e.g., Harris and Rowland 2001; Soule et al. 2004; Favalli et al. 2018) . Glaze et al. (2014) noted that slope breaks in the terrain underlying lava flows can create eddies that disrupt the flow surface, enhancing radiative heat loss and thus reducing the distance the flow can travel. However, for the highly crystalline lava emplaced during the 2010 Piton de La Fournaise eruption, this effect would be minor. Indeed, we do not find any evidence of abrupt cooling and increased crystallization immediately after slope breaks.
Crystallinity and porosity were analyzed for all flow branches to identify any possible relation to flow system architecture. Comparison of thin sections of samples collected in differently structured areas of the flow shows no systematic variation in crystal content, indicating that crystallinity evolution does not control flow structure. The observed pre- emplacement crystallinity trends (Fig. 8) , increasing from vent to toe for the south and west flows, and decreasing from vent to toe for the north-west and north flows, have been interpreted to reveal variations in effusion rate where, as the effusion rate increases, so too does the transport capacity of the lava so that higher crystal loads can be carried at higher effusion rates (e.g., Rhéty et al. 2017; Hammer et al. 2000 , Noguchi et al. 2008 ). According to this interpretation, the eruption began along the entire fissure, but different segments erupted at different effusion rates. Indeed, the highest crystal contents are observed at the vents for which effusion rate was calculated to be highest. For example, at the south vent, peak effusion rates of~44 m 3 /s were capable of mobilizing lava containing 70 vol% crystals and to carry it to the distal portion of the system, revealing that it was the first lava emitted. At other vents, where effusion rates were lower, the carrying capacity was lower. At the west and north-west flows, peak effusion rates were between~10 and~30 m 3 /s, thus carrying a lower crystal load at peak flow of 40-50 vol% crystals. As effusion rates waned, so too did the carrying capacity. For example, in the final stage of effusion at the south flow, effusion rates waned to~0.1 m 3 /s, and the crystal cargo declined to 10 vol%. Thus, near-vent we find the final, low crystallinity lava erupted at the lowest effusion rate as activity at the vent waned. In other flows, near-vent crystallinities of 50-70 vol% (Fig. 8 ) likely indicate that magma was extracted from a heterogeneous, stratified magma chamber, with the crystal-rich material from the base of the shallow reservoir being erupted last (Gurioli et al. 2018) .
In comparison, the 2007 flow of Piton de la Fournaise (Rhéty et al. 2017 ) has a near-vent crystallinity of 55 vol%, increasing to 75 vol% at the flow front due to microlite crystallization. The 1974 Mauna Ulu flow ) has a crystallinity of 15 vol% near the vent, increasing to 45 vol% 6 km from the vent. In this case, the crystallinity increase is due to the incremental crystallization of microlites, whereas the phenocryst content remains stable, suggesting a constant mass eruption rate .
For the December 2010 eruption, sample porosity decreases uniformly with distance from the vent, regardless of whether the analyzed samples belong to a single-channel, braided, or dispersed section of the flow (Fig. 9) . As a result, there is no correlation between flow system architecture and sample porosity. In comparison, the 2007 flow of Piton de la Fournaise as analyzed by Rhéty et al. (2017) shows a uniform trend of decreasing porosity along both flow channels considered, comparable in magnitude to that observed here. The 1974 Mauna Ulu flow , which maintained a single-channel structure throughout its length, also shows a porosity decrease with increasing distance from the vent, although it is less pronounced than at Piton de la Fournaise.
Appraisal of these three cases (Piton de la Fournaise 2007 and Mauna Ulu 1974 highlights that downflow trends in temperature, crystallinity, and porosity are the same for single and braided channel cases. Additionally, the case of the 2010 flow field of Piton de la Fournaise reveals that temperature, crystallinity, and porosity trends are uninterrupted across transitions between single and multiple channel flow. This supports a model within which cooling rate is depthdependent, but independent of channel width (cf. Rowland 2001, 2009) . Soldati et al. (2016) showed that changes in flow velocity across breaks in slope can be larger than would be predicted for example through Jeffreys' equation (Jeffreys 1925) . This is due to the non-Newtonian behavior of multi-phase lava, which results in non-linear flow velocity variations that amplify the effect of even modest slope changes. For example, a steeper slope exerts a greater stress on the flowing lava, resulting in a faster flow velocity. Since lava is shear-thinning, a greater stress results in a lower effective viscosity (which would not happen for a Newtonian fluid). In turn, this lower effective viscosity causes velocity to increase, more so than it would for a Newtonian fluid. Because deviation from Newtonian behavior increases with crystallinity (Ryerson et al. 1988) , this effect will be more pronounced in highly crystalline lavas, such as those investigated in this study, as opposed to less crystalline ones.
Implications
Flow system architecture has fundamental implications well beyond flow morphological appearance. For any given lava effusion rate at the vent, the same supplied flux can feed either one large channel, or may be divided among multiple smaller channels. As a result, for any given supplied flux a single channel system will have a higher volumetric flux than each branch of an equivalent braided channel system. The increased viscous drag imposed by the larger wetted perimeter of a braided system will result in decreased flow speed and, consequently, length. This is in accordance with the supply rate rule (Walker et al. 1973 ) and with mass-energy analysis (Tarquini, 2017) . Conversely, the transition from braided channels to a single channel will increase the flow speed and length, as demonstrated by Dietterich and Cashman (2014) .
If channel depth remains constant through the transition from single channel to braided channels, velocity and cooling rate will also remain constant, as will the cooling-limited flow length (Rhéty et al. 2017) . Conversely, if partitioning the flux diminishes flow depth (Lister 1992) , then, holding all else constant, velocity will decrease and cooling rate will increase (Harris and Rowland 2001) , hence reducing the cooling-limited flow length. If the flow depth remains constant (as in the case analyzed here) then models become depth-independent. As a result, cooling-related models become unaffected by partitioning (division between multiple branches) of a control volume, so that simple 1-D models, such as FLOWGO (Harris and Rowland 2001) and MOLASSES (Richardson 2016) , that assume flow depth remains approximately constant downflow, apply.
Conclusion
Slope variations have a primary influence over channel network architecture (e.g., Krauskopf 1948; Dietterich and Cashman 2014; Rhéty et al. 2017) . On the basis of our data, we here develop a regime diagram that places the channel network architecture of relatively low effusion rate lava flows in a dynamic setting. However, this regime diagram cannot be applied universally, as counter-examples exist in the literature for different effusion rates, compositions, and textures.
We found that changes in the crystal and bubble content do not correlate with changes in the number of channels, implying that these textural parameters do not exert a direct control on channel network architecture. However, we know from previous studies that pre-existing topography can strongly affect the apparent viscosity of lava flows due to their non-Newtonian behavior (e.g., Peterson and Tilling 1980; Lev and James 2014; Soldati et al. 2016) and that crystal and bubble contents affect the degree of non-Newtonian behavior of lava (e.g., Costa et al. 2009; Llewellin et al. 2002; Mader et al. 2013 ). Both morphological and rheological perspectives remain therefore necessary to fully characterize a channel-fed flow system and to adequately model its development.
